Lyme arthritis is one of the few forms of chronic arthritis in which the cause is known with certainty. Because cytokines are thought to contribute to the pathogenesis of chronic arthritis, we investigated the effect of the Lyme disease spirochete, Borrelia burgdorferi, on the gene expression and synthesis of IL-1,8 and the IL-1 receptor antagonist (IL-lra) in human peripheral blood mononuclear cells. Live B. burgdorferi induced fivefold more IL-1l@ than IL-la and sevenfold more IL-1l8 than IL-lra; LPS or sonicated B. burgdorferi induced similar amounts of all three cytokines. This preferential induction of IL-1,B was most dramatic in response to a low passage, virulent preparation of B. burgdorferi vs. three high passage avirulent strains. No difference in induction of IL-lra was seen between these strains. The marked induction of IL-1iB was partially diminished by heat-treatment and abrogated by sonication; ILlra was not affected. This suggested that a membrane component(s) accounted for the preferential induction of IL-1i6. However, recombinant outer surface protein ,B induced little IL-1i6. burgdorferi-induced IL-1A6 mRNA showed biphasic elevations at 3 and 18 h. B. burgdorferi-induced IL-lra mRNA peaked at 12 h, whereas LPS-induced IL-lra mRNA peaked at 9 h. 8 synthesis increased in response to increasing numbers of spirochetes, whereas IL-lra synthesis did not. The preferential induction by B. burgdorferi of IL-1i8 over IL-lra is an example of excess agonist over antagonist synthesis induced by a microbial pathogen, and may contribute to the destructive lesion of Lyme arthritis. (J. Clin. Invest. 1992. 90:906-912.)
Introduction
Lyme disease is a multisystem disease caused by infection with the tick-borne spirochete Borrelia burgdorferi ( 1 ) . Arthritis is a prominent feature of the disorder. Early in the illness, the spirochete probably spreads hematogenously to joints and may cause vague, migratory joint pain. After several months, many patients begin to have brief attacks of arthritis in large joints (2) . During the second and third years ofillness, a small subset of patients, primarily those with HLA-DR4 or HLA-DR2 (3, 4) , develop chronic arthritis which may lead to erosion ofcartilage and bone (5) . The synovial lesion in these patients is similar to that in rheumatoid arthritis. The development ofchronic arthritis coincides with the appearance of a humoral immune response to two prominent outer surface proteins (Osp)' of B. burgdorferi, Osp A and B, (6) .
Cytokines, in particular interleukin-1 (IL-1 ) and tumor necrosis factor-a (TNF), are thought to contribute to the pathogenesis of the synovial lesion in rheumatoid arthritis (7) (8) (9) . The potent biological effects ofthese cytokines are tightly regulated at many levels, including gene transcription, translation, protein processing and secretion, as well as naturally occurring inhibitors such as the IL-1 receptor antagonist (IL-1 ra) ( 10, 11) which occupies IL-1 receptors without inducing signal transduction.
Because Lyme arthritis is one of the few forms of chronic inflammatory arthritis in which the cause is known with certainty ( 1) , this illness presents a unique opportunity to study the direct effects of the pathogen on cytokine gene expression. In contrast to IgG, granulocyte/ macrophage colony-stimulating factor, and experimental endotoxemia which preferentially induce IL-1 ra (12) (13) (14) (15) , we now demonstrate that live B. burgdorferi preferentially induce synthesis of the agonist IL-1,8 compared to the antagonist IL-lra. This preferential induction was most marked in response to a low-passage, virulent preparation of B. burgdorferi. Furthermore All reagents and glassware were sterile and endotoxin free. Culture media and sterile water used to prepare Ficoll-Hypaque were passed through a hollow-fiber polysulfone capillary ultrafilter to remove microbial products and endotoxin (17) . RPMI h at 37°C or 32°C. After ultracentrifugation, the spirochete-free supernatant was filtered twice through 0.22-jim filters. The absence of spirochetes or spirochetal fragments was verified by darkfield microscopy. The spirochete-conditioned media was then incubated with PBMC for 24 h and resulting cytokine production measured by radioimmunoassays (RIAs). PBMC cultures. Heparinized whole blood was fractionated by density gradient centrifugation using Ficoll (Sigma Chemical Co., St. Louis, MO)-Hypaque (Winthrop Laboratories, New York, NY). Mononuclear cells were cultured (2.5 x 106 cells/ml) in 1.0 ml of complete RPMI with 10% heat-inactivated endotoxin-free FCS in 2.5-ml polypropylene tubes (Falcon Plastics, Oxnard, CA) with B. burgdorferi or LPS (Escherichia coli 055:B5, Sigma Chemical Co.), or medium alone. Cultures were incubated for 24 h in a humidified, 5% CO2 atmosphere at 37°C. In experiments measuring total cytokine production, cells were lysed by three freeze/thaw cycles ( 19) . After centrifugation at 400 g for 15 min, the supernatants were removed, and the pellets containing cellular and spirochetal debris were discarded. In experiments measuring secreted vs. cell-associated cytokines, cell-free culture supernatant (containing secreted cytokines) was removed and replaced by an equal volume of fresh media. The cell-containing tubes were then subjected to three freeze/thaw cycles to release cell-associated cytokines, centrifuged at 400 g for 15 min, and harvested as above.
Cvtokine RIAs. Specific RIAs for IL-1IB, TNF, IL-la, IL-6, and IL-Ira were used (14, (19) (20) (21) (22) . lodination of IL-1,B and IL-Ira used the Bolton-Hunter method; all other cytokines were iodinated by the chloramine-T method. Sensitivities for each of the RIAs was < 80 pg/ ml except for the IL-lra RIA which had a sensitivity of 300 pg/ml.
RNA isolation and Northern analysis. After incubation with B.
buirgdorferi (five spirochetes per PBMC), LPS (10 ng/ml), or control media, total cellular RNA was extracted by lysis with 4 M guanidine isothiocyanate, followed by ultracentrifugation on a 5.7 M cesium chloride cushion. Total RNA (20,g ) was subjected to electrophoresis in 6.6% formaldehyde (Sigma Chemical Co.) and 1.2% agarose (International Biotechnologies Inc., New Haven, CT), and then transferred to nylon membranes (Hybond-N, Amersham Corp., Arlington Heights, IL) by capillary blotting. For quantitation of mRNA levels, serial dilutions of RNA (2.50, 1.25, and 0.62 jug) were directly applied to nylon membranes using a filtration manifold apparatus (Schleicher & Schuell, Inc., Keene, NH). The membranes were exposed to shortwave UV light for 5 min to fix the RNA to the nylon matrix, and treated at 42°C for 2 h with prehybridization solution containing 10 mg/ml salmon sperm DNA. Membranes were then treated overnight with prehybridization solution containing 10 mg/ml of salmon sperm DNA and 32P-labeled nucleic acid probe. The probes used were a 1,075-bp fragment of human IL-I/3 precursor cDNA subcloned into pGEM2, 800-bp fragment of human IL-Ira precursor cDNA subcloned into pUC8, and the full length (2,000-bp) chicken ,B-actin cDNA subcloned in pGEM3. The DNA was labeled using [32P]dCTP (3, 
Results
Cytokine synthesis induced by B. burgdorferi. Live B. burgdorferi (297 LP), sonicated B. burgdorferi, and LPS were compared for their ability to induce cytokine synthesis from PBMC ( Fig. 1) . Live B. burgdorferi induced 65±11 ng/ml of IL-1I. Large amounts of TNF were also induced (82±18 ng/ml), whereas production of IL-ia and IL-6 were stimulated to a lesser extent (12±2 and 2±1 ng/ml, respectively). Live B.
burgdorferi induced significantly more IL-113 (P < 0.01) and TNF (P <0.001 ) than sonicated B. burgdorferi or LPS. Synthesis of IL-1 a, IL-6, and IL-1 ra induced by all three stimuli was similar. Unexpectedly, live B. burgdorferi stimulated fivefold more IL-113 than IL-1 a (P < 0.0001 ) and sevenfold more IL-1I3 (Fig. 2) . However, no difference was observed in the amount of IL-1 ra induced by these strains.
To elucidate further the microbial factor(s) responsible for the preferential induction of IL-113l, four preparations of live vs.
heat-treated B. burgdorferi were compared. Heating significantly decreased induction of IL-1I3 by all four B. burgdorferi preparations (P < 0.05) (Fig. 3, left) , whereas no differences were seen after heating in the induction of IL-Ira (Fig. 3 burgdorferi, to the induction of IL-I,B and IL-Ira was then examined (Fig. 4) . At the highest concentrations tested, Osp B induced 1.0±0.2 ng/ml of IL-1,B, whereas at lower concentrations, Osp B induced <0.10 ng/ml IL-1,B. In contrast, the highest concentration of Osp B tested induced 4.1 ± 1.1 ng/ml IL-Ira, whereas lower concentrations induced 1-2 ng/ ml. Polymyxin B had no effect on the response to this stimulus. Thus, Osp B made little contribution to the marked induction of IL-11, but could contribute to some extent to induction of IL-Ira.
Secretion ofIL-1a, IL-1I1, and IL-i ra. The proportions of cell-associated vs. secreted IL-I a, IL-113, and IL-Ira induced by five spirochetes per PBMC (live LP 297) were compared to those induced by LPS ( 10 ng/ml) in PBMC of 18 donors. After stimulation with B. burgdorferi, 34±2% of total IL-la and 78±1% of total IL-11 were secreted. After LPS stimulation, 21±4% (P = 0.01) of IL-la and 63±3% of total IL-1I8 (P < 0.001) were secreted. No differences were seen in the amounts or proportions of secreted IL-Ira induced by B. burgdorferi or LPS (72±3% and 76±5%).
Dose-dependent effect ofB. burgdorferi on cytokineproduction. Increasing the number of spirochetes (live LP 297) per PBMC (from 0.08 to 60 organisms per PBMC) resulted in a dose response for IL-11 synthesis (Fig. 5, top) . In contrast, increasing the number of spirochetes from 0.08 to 0.74 per PBMC resulted in a shallow dose-response curve for IL-Ira, which reached a plateau thereafter despite an increase to 60 spirochetes per PBMC. No dose response was seen for IL-Ia. The ratio of IL-13 to IL-I ra increased to 14:1 (inset). When LPS (0.001-1000 ng/ml) was used as a stimulus, production of IL-1I3 and IL-I ra increased to maximal amounts in response to 10 ng/ml LPS, then decreased at higher concentrations (Fig.  5, bottom) . The ratio of IL-1,8 to IL-Ira increased to a maximum at a concentration of 1 ng/ml LPS, then remained at a plateau (inset). IL-I a production increased linearly in response to LPS concentrations from 0.001 to 0.10 ng/ml, then Time (h) Figure 6 . Kinetics of production of IL-la, IL-113, and IL-Ira in response to live B. burgdorferi or LPS. Data (mean±SEM) for three donors are shown. No differences were seen in the kinetics of production of IL-lca or IL-Ira, whereas significantly more IL-I was induced by live B. burgdorferi at 4, 12, and 24 h than LPS (*P < 0.03, **P < 0.01, and ***P < 0.006).
Similar to IL-1( mRNA, the accumulation of IL-1ra mRNA induced by B. burgdorferi or LPS were comparable until 4 h (data not shown). Thereafter, LPS-induced IL-1ra mRNA continued to increase until reaching peak levels at 9 h, then decreasing gradually until 24 h (Fig. 8 B) . (31, 32) . We found that recombinant Osp B induced little IL-1o.
The relative synthesis of the related but distinct genes IL-13, IL-1 a, and IL-1 ra is stimulus dependent ( 12, 33, 34) . Soluble stimuli such as LPS, phytohemagglutinin, and toxic shock syndrome toxin-1 induce nearly equal amounts of IL-l1a, IL-1/, and TNF (5-15 ng/ml) with somewhat more IL-la produced by most donors (35, 36) . Particulate stimuli such as Staphylococcus epidermidis induce threefold more IL-1O than However, there appears to be more IL-1ra than IL-1: synthesized by PBMC using various stimuli (37) . Soluble IgG or granulocyte/macrophage colony-stimulating factor induce IL-lra but not IL-la or IL-l1/ (12) (13) (14) . More IL-lra than IL-I is found in children with systemic juvenile rheumatoid arthritis (38). In experimental human endotoxemia, at least 100-fold more IL-I ra is found in the circulation than IL-1/3( 1 5). Thus, live B. burgdorferi, of any stimuli studied to date, appears to be unique in its marked preferential activation of IL-1/. In our dose-response experiments, increasing amounts of LPS induced parallel increases in IL-1/ and IL-1 ra. In contrast, B. burgdorferi induced larger amounts of the agonist IL-I than the antagonist IL-1 ra. By 4 h after stimulation with B. burgdorferi, IL-1/ protein exceeded IL-1 ra protein by greater than fivefold. Some reports suggest that a 10-50 molar excess of IL-Ira is needed to inhibit 50% of IL-I binding to T cells (39) . Changes in the relative proportions of cytokines and their antagonists in vivo at different sites in the body or different times after infection clearly has important biological implications.
The kinetics of IL-1/ mRNA production induced by B. burgdorferi resemble the pattern observed with LPS (40) within the first 12 h after stimulation. Nonetheless, increased protein production is seen as early as 4 h after stimulation, suggesting that B. burgdorferi enhances translational efficiency ofIL-/3 rather than affecting transcription. The second peak of IL-1/ mRNA induced by B. burgdorferi may reflect failure of B. burgdorferi to induce a repressor which down-regulates or destabilizes this mRNA, as described after LPS or PMA stimulation (41 ) .
We believe our findings are relevant to the pathogenesis of Lyme disease. Early in the illness, low-grade fever, malaise, and marked fatigue are common symptoms, which may be mediated by IL-I and other cytokines (42) . However, the specific immune response to the organism seems to be suppressed early in the illness, and patients commonly experience only vague joint pain despite the presumed early spread of B. burgdorferi to synovial tissue. After several months, as the specific cellular and humoral immune responses expand to multiple spirochetal polypeptides, patients have brief attacks of arthritis in large joints (43).
Alterations in the balance of cytokines and their antagonists are likely involved in the sudden turning on and offof the inflammatory response in these patients, but the mechanisms controlling such alterations are not yet known. At the time of maximal expansion of the immune response, which usually occurs during the second or third years of illness, a genetically susceptible subset of patients, particularly those with HLA-DR4, may develop chronic arthritis (4) . As in rheumatoid arthritis, erosion of cartilage and bone with elevated levels of collagenase and PGE2 may occur (5 
